ABSTRACT This experiment was conducted to determine the effect of elevated plasma corticosterone (CORT) levels on meat quality characteristics. Male broilers (Arbor Acres) were either 1) fed a diet containing corticosterone (CORT) prior to processing, 2) transported by truck for 3 h before processing, or 3) processed without either of the above treatments. Six crates of birds (10 birds per crate; two crates per treatment) were stunned or killed using CO 2 gas. Six birds per crate were processed and blood samples were collected during exsanguination for plasma CORT analysis. Meat samples were collected from carcasses either at 20 min or at 4 h post-mortem. At each sampling time (ST), Pectoralis superficialis samples were collected and either individually quick frozen (IQF) in liquid nitrogen or aged on ice (AOI) for 24 h prior to pH, ratio of inosine to adenosine nucleotides (R-value), cooking loss, shear value, and color analyses. The IQF Biceps femoris samples were used for pH, R-value, color, and heme pigment analysis. Mean (± SEM) CORT concentrations were 12.9 ± 2.57, 11.7 ± 1.38 and 7.9 ± 0.79 ng/mL, respectively, in the CORT, transported, and control groups. There were significant treatment by ST (P < 0.05) and ST (P < 0.001) effects on the R-value of IQF P. superficialis samples. The CORT group had the highest L* value (P < 0.01) and the lowest a* value (P < 0.06). There was also a significant main effect of ST on shear values (P < 0.05) of AOI P. superficialis samples, with the means higher at 4 h than at 20 min post-mortem. The Rvalue of IQF B. femoris samples was markedly influenced by treatment (P < 0.001) and ST (P < 0.001). The results indicate that artificially elevating circulating CORT concentrations results in lighter meat color in broilers.
INTRODUCTION
The effect of preslaughter stress on meat quality has been well-recognized in the beef and pork industries. Stress prior to slaughter results in the depletion of muscle glycogen, which is one of the reasons for abnormal carcass and meat characteristics (Lawrie, 1966) . In a normal rested animal, there is sufficient tissue glycogen to cause adequate post-mortem glycolysis. Glycolysis, in turn, increases muscle acidity, resulting in a low ultimate meat pH. Lower post-mortem acidity in muscles produces meat with higher pH and sometimes causes dark, firm, and dry (DFD) meat (Lawrie, 1958 (Lawrie, , 1966 Ashmore et al., 1971) . Conversely, a rapid fall in post-mortem muscle pH when the temperature of the carcass is still high causes pale, soft, and exudative (PSE) meat (Lawrie, 1966) .
There has also been some research on the effects of preslaughter stress on poultry meat quality (Wood and Richards, 1975; Froning et al., 1978; Ngoka et al., 1982; Northcutt et al., 1994) . The PSE-like breast muscle seen in some turkeys is an increasing problem in the industry, and heat-stressed broilers frequently produce breast meat that has characteristics similar to those seen in PSE meat (Northcutt et al., 1994) . In an experiment involving crating broilers for different time periods (0, 1, 2, 3 or 4 h), Kannan et al. (1997) found a positive correlation between plasma corticosterone (CORT) levels and hue values of thigh meat. It was also noted that holding crated broilers for 4 h in a dark quiet place after 3 h of truck transportation resulted in lower plasma CORT concentrations than when measured immediately after transport. Again, there was a positive correlation between plasma CORT levels and the hue values of Biceps femoris muscles (Kannan et al., 1997 That a positive correlation was found between plasma CORT and hue values of thigh meat in previous experiments does not necessarily mean that there is a cause-effect relationship. Other physiological or psychological aspects of the crating or transport procedures used could have caused the observed changes in meat quality. To determine whether the changes were actually due to elevated CORT levels, it was important to determine how elevating circulating CORT levels alone without imposing additional physical or psychological stressors affects meat quality characteristics, and to compare these effects with those seen as a result of typical preslaughter stressors. Hence, in the present experiment, plasma CORT concentrations were elevated both by feeding CORT in the diet and by exposing broilers to transportation stress for 3 h.
MATERIALS AND METHODS

Subjects and Rearing Conditions
Male broiler chickens (Arbor Acres) were used for this experiment. Birds were housed in floor pens (1.5 × 2.7 m) bedded with wood shavings. Each pen contained one automatic bell waterer and one tube feeder. Feed (commercial starter, developer, and finisher diets) and water were available for ad libitum consumption, except as noted in the general procedure for this study. Because the broiler house was not environmentally controlled, heat lamps were used to maintain warmth in the pens.
Preliminary Feeding Trial
Eight-week-old chickens were used in a preliminary study to determine the dose and duration of CORT feeding required to elevate plasma CORT to 10 to 15 ng/ mL without stimulating the negative feedback mechanism. This level was found in our previous studies to be correlated with changes in meat quality (Kannan et al., 1997) . The birds were housed in eight floor pens, with three birds per pen. Four different levels of CORT in feed [0 (control), 10, 15, and 20 ppm], and two different durations (24 and 48 h) of feeding CORT were studied. Experimental diets were consumed ad libitum. Corticosterone 5 (4-Pregnene-11b,21-diol-3,20-dione) in crystalline form was mixed thoroughly with feed using a Hobart feed mixer 6 for 15 min. Prior to mixing, the feed was ground using a feed grinder to ensure uniform distribution of CORT in the feed.
Blood samples were collected from the brachial vein after either 24 or 48 h of CORT administration. The volume of blood sample collected did not exceed 2 mL, and no bird was sampled more than once. Plasma CORT levels were determined by RIA using an ImmunoChem ™ Double Antibody Corticosterone 125 I RIA Kit. 7 Prolonged administration of CORT either orally (Gross et al., 1980) or parenterally (Siegel and van Kampen, 1984) can produce adverse effects such as decreased weight gain and feed efficiency, and alterations in the weight and size of visceral organs and muscles in chickens. From this trial it was determined that administering CORT in the feed at a dose of 15 ppm for 48 h produced the desired level of plasma CORT without any noticeable side effects.
General Procedure
Two pens of birds (12 birds per pen) were allotted to each of three treatments: 1) birds fed CORT, 2) transported birds, or 3) control. The birds were crated during the early morning in the dark. Ten birds were removed from each pen and placed in each crate (six crates with a total of 60 birds). Each crate contained birds from one pen to avoid stress due to mixing birds from different social groups. Six birds in each crate were leg-banded just prior to crating for identification. The crates containing CORT birds were transported by truck for 5 min to the processing facility and immediately processed. Two of the remaining crates of birds were transported by truck for 3 h (transported) before processing to simulate commercial conditions. The other two crates of birds (controls) were taken to the processing facility directly without the 3-h truck ride and processed immediately.
All of the birds were stunned or killed in their crates using CO 2 gas just prior to shackling and then severing the carotid artery and jugular vein. Carbon dioxide stunning was used in this study to avoid excitement and struggling of birds due to handling and shackling just prior to bleeding that could elevate the stress response. This procedure allowed us to assess the effects of the imposed treatments alone (without the confounding effects of handling and shackling) on stress and meat quality. The order of killing and processing of birds was rotated among the three treatments. The experiment was conducted in two replicates, with three crates of birds per replicate. The two replicates were processed on the same day but at different times.
Gas Stunning-Killing System
The design and dimensions of the gas stunning-killing device are shown in Figure 1 . Carbon dioxide was allowed to pass into the device at 20 psi pressure from the gas cylinder through an inlet hole on one side close to the floor of the chamber. The gas concentration in the chamber was measured continuously using a gas analyzer. 8 When a concentration of 50% CO 2 was reached, the crate containing the birds was immediately (within 15 s) lowered into the chamber, where it remained for 2 min. A previous investigation in our laboratory (unpublished data) using the same device had shown that a concentration of 50% FIGURE 1. The design and dimensions of the stunning device used in this study.
CO 2 with an exposure period of 2 min was sufficient to kill broilers. After the crate was positioned in the chamber, the gas inflow was reduced, allowing only a very low volume of gas to enter the chamber. This was done to maintain positive pressure in order to prevent intrusion of air into the chamber and eliminate the small amount of oxygen that might be trapped in the crate and between the feathers of the birds (Mohan Raj, University of Bristol, Langford, Bristol, BS18 7DY, UK, personal communication). The gas concentration was monitored continuously during the 2 min exposure period to ensure that the required concentration was maintained.
Blood and Meat Sampling and Analyses
Six birds that had been previously leg-banded for identification were processed from each crate. The remaining four birds from each crate were not processed for the experiment. To minimize carcass blemishes, the birds were shackled and bled within 3 min (Mohan Raj and Whittington, 1990) after removal from the CO 2 chamber by means of a neck-cut that severed the carotid artery and jugular vein. Blood samples were collected from each bird directly into test tubes during bleed out for plasma CORT analysis. Three of the six carcasses from each treatment were meat sampled immediately after processing at 20 min post-mortem. The remaining three carcasses were chilled on slush ice for 4 h, and meat samples removed. Meat samples collected at both sampling times (ST) were used to assess meat quality characteristics.
At each ST the P. superficialis from one side of the breast was sampled for analysis of pH, R-value, cooking loss, shear value, and color (CIE Lab color coordinates). These samples were individually quick frozen (IQF) in liquid nitrogen and then held at -80 C until analysis (< 2 wk). The P. superficialis from the other side was placed in a plastic bag and aged on ice (AOI) for 24 h, and then held at -20 C for analysis of cooking loss, shear value, and color. This was done to closely simulate commercial practice. Biceps femoris muscle samples were collected from both the legs for analysis of pH, R-value, and color. These samples were then placed in plastic bags, IQF in liquid nitrogen, and held at -80 C until analysis (< 2 wk). The same samples used for color assessment were also used for heme pigment analysis. Since CORT influenced the color of thigh meat in our previous experiments, total heme pigment analysis was done to find out whether treatment influenced the amount of residual blood in the thigh muscle. The B. femoris muscle samples obtained from three carcasses sampled at any one ST were pooled for total heme pigment analysis.
Plasma CORT concentrations were measured by RIA using the ImmunoChem ™ Double Antibody 125 I Corticosterone Kit, 7 which was validated for parallelism and recovery for chickens in our laboratory. The sensitivity of the assay was 0.13 ng/mL. Within-and between-assay coefficients of variation were 6.2 and 9.8%, respectively.
The initial pH of the muscle samples was determined 20 min post-mortem using the iodoacetate method as described by Jeacocke (1977) . The R-values were determined using procedures described by Honikel and Fischer (1977) and Thompson et al. (1987) . CIE Lab color values of uncooked meat samples were measured by a dual beam spectrophotometer 9 equipped to record reflectance. Samples measuring 4 × 4 × 1 cm were removed from the Pectoralis at the same location to avoid possible variation due to location within the same muscle. Biceps femoris samples were dissected with some underlying muscular tissue to obtain 1-cm-thick sample. Two readings were taken from each sample using a white tile (L* = 92.8, a* = -0.8 and b* = -0.6) as the background and Illuminant D65 as the light source. The two readings were averaged and reported as color values.
The Pectoralis samples used for color measurement were also used for cooking loss and shear value analysis. Meat samples were individually weighed and placed on aluminum pans and covered with aluminum foil. The samples were then cooked in a convection oven 10 to an internal temperature of 80 C as measured by a scanning thermocouple thermometer 11 placed in a representative sample. The difference in weight of samples before and after cooking was expressed as percentage cooking loss. The method of shear value analysis was similar to that described by Heath and Owens (1987) , as modified by Kannan et al. (1997) using a Sintech Material Test System 12 fitted with a Kramer shear cell. 13 Two subsamples each measuring 2.5 cm × 2.5 cm × 3 mm were sliced out from each cooked sample. The subsample was weighed and positioned in the center of a Kramer shear cell with the longitudinal axis of the muscle fibers at a right angle to the shear blades. Shear values were calculated with a 1,000-lb load cell and a downstroke of 40 cm/min. The mean of the shear values obtained from the two subsamples was taken as the shear value of the sample. Heme pigment was extracted from B. femoris muscles according to the method of Fleming et al. (1960) as modified by Saffle (1973) . The muscles were trimmed of surrounding fat and connective tissue, and finely minced on a nonabsorbent cutting board using scalpel blades. Pooled 50-g samples were homogenized with 130 mL cold deionized distilled water for extraction. The extracted heme pigments in the solutions were converted into cyanomet derivatives according to the method of Drabkin (1950) . The resulting filtrate was read at 540 nm on a spectrophotometer. 14 The optical density values were converted to milligrams per gram of tissue as described by Fleming et al. (1960) .
Statistical Analysis
The meat quality parameters were analyzed as splitunit design using the PROC MIXED procedure in SAS ® (SAS Institute, 1992) , with replicate, treatment, and ST as class variables. The random components were replicate, replicate by treatment, and replicate by treatment by ST. Differences among means were tested using the least significant difference test. The means were considered different when P < 0.05 by ANOVA, unless stated otherwise.
RESULTS
Mean (± SEM) plasma CORT concentrations were 12.9 ± 2.57, 11.7 ± 1.38, and 7.9 ± 0.79, respectively, in the CORT, transported, and control groups. Treatment did not influence pH, R-value, shear value, or color of IQF P. superficialis samples (Table 1) . There was a significant treatment by ST interaction effect (P < 0.05). There was also a significant main effect of ST (P < 0.001) on the Rvalue of IQF P. superficialis samples, with the overall mean (± SEM) higher at 4 h (1.20 ± 0.037) than at 20 min (0.90 ± 0.026) post-mortem.
There was no significant effect due to treatment on shear value or cooking loss of AOI P. superficialis samples (Table 2) . However, treatment influenced the L* Means within a row with no common superscript differ significantly (P < 0.05) by LSD.
x,y Means in a column within a parameter with no common superscript differ significantly (P < 0.05) by LSD.
1 n = 6 birds for each mean.
2 Ratio of inosine to adenosine nucleotides. value (P < 0.01) and a* value (P < 0.06). The overall L* values (mean ± SEM) were highest in the CORT group (60.9 ± 0.43), lowest in the transported group (57.8 ± 0.35), and intermediate in the control group (58.6 ± 0.57).
The overall a* value (mean ± SE) in the CORT group was lower (6.2 ± 0.28) than that of either the transported (7.1 ± 0.19) or the control group (6.9 ± 0.34). However, the differences were more discernible at 4 h than at 20 min post-mortem (Table 2 ). There was also a significant main effect of ST on shear value of AOI P. superficialis samples. The overall shear value was higher at 4 h postmortem, with a mean (± SEM) of 11.51 ± 1.373 kg/g, than at 20 min post-mortem (6.90 ± 0.654 kg/g). The R-value of IQF B. femoris samples was markedly influenced by treatment (Table 3 ; P < 0.001). The main effect means (± SEM) were 1.10 ± 0.047, 1.18 ± 0.035, and 1.22 ± 0.034, respectively, in the CORT, transported, and control groups. The differences in the main effect were due to differences at 20 min rather than at 4 h postmortem. There was also a significant main effect of ST (P < 0.001) on the R-value of IQF B. femoris samples. The overall values (mean ± SEM) were higher at 4 h (1.28 ± 0.013) than at 20 min (1.06 ± 0.023) post-mortem. Treatment did not influence the pH or CIE Lab color coordinates of IQF thigh samples. Neither treatment nor ST had a significant effect on the heme pigment concentration of B. femoris muscles. The overall mean (± SEM) heme concentrations were 0.122 ± 0.0027, 0.178 ± 0.0111, and 0.259 ± 0.0647 mg/g, respectively, in CORT, transported, and control groups.
DISCUSSION
In the present experiment, there was no effect of treatment on color values of thigh samples. This contradicts our previous finding that plasma CORT levels and hue values of thigh meat are correlated. One explanation for this discrepancy may be that, in the current study, color values were measured on IQF rather than AOI thigh samples. Another reason could be that birds in the current study were gas stunned. An interaction effect between treatment and CO 2 stunning could have resulted in an altered post-mortem metabolism and pH pattern in muscles. Meat with a higher ultimate pH is darker either due to higher water holding capacity (Lawrie, 1958) or due to enhanced activity of mitochondria, resulting in greater oxygen consumption (Ashmore et al. 1972) .
In the AOI P. superficialis samples, the CORT group had the highest L* value and the lowest a* value, indicating that the meat was lighter and less red in color. A similar result, but in B. femoris, was noted in our earlier experiment (Kannan et al., 1997) when broilers were subjected to different crating durations. The thigh muscle samples in the 3 h crating treatment had the highest hue values, although a trend was also noted in breast muscle. These results suggest that a prolonged elevation of plasma CORT levels is required to produce color changes in the breast samples, whereas in the thigh samples even a short-term elevation of plasma CORT can produce color changes.
The R-value is a useful indicator of the course of rigor mortis (Calkins et al., 1982) . There was a significant treatment by ST interaction effect on the R-value of IQF P. superficialis samples. Kijowski et al. (1982) reported that the R-value in chicken breast muscle increases to about 1 within 30 min post-mortem and becomes stable between 2 and 4 h post-mortem. Higher circulating CORT levels bring about some destruction of intact muscular tissue (Baxter and Harris, 1975) . In our experiment, it appears that the complex changes in the allocation of resources during gluconeogenesis due to elevated circulating CORT levels would have resulted in the pattern of the R-values found in the CORT group.
Both treatment and ST had significant effects on the R-value of IQF B. femoris muscles. As noticed in the breast muscle, the mean R-value at 20 min post-mortem in the CORT group was only 0.96, indicating that the thigh muscle had not entered rigor at this time. In the other two treatment groups, the R-values were greater than 1 at 20 min post-mortem, indicating that rigor had started (Khan and Frey, 1971) . Based on biochemical characteristics, Kijowski et al. (1982) concluded that the onset of rigor mortis occurs in about 1 h in breast muscle and 30 min in thigh muscle. As expected, the overall Rvalue at 4 h was higher than at 20 min post-mortem in both P. superficialis and B. femoris muscles.
Based on our studies, it is clear that higher circulating CORT concentrations in broilers are associated with paler meat. In the PSE condition of pork, there is either a very low ultimate pH or the rate of post-mortem pH fall is very rapid (Lawrie, 1966) . A low pH combined with high carcass temperature causes denaturation of sarcoplasmic proteins (Lawrie, 1966) . Myoglobin, which is the major meat pigment and one of the sarcoplasmic proteins, is oxidized to metmyoglobin (Lawrie, 1991) , hence the meat color is less intense. There is also a reduction in the water holding properties of the meat, with more extracellular free water resulting in greater reflection of light (Forrest et al., 1975) . Northcutt et al. (1994) reported that broilers exposed to heat stress produced breast meat with low water holding properties, similar to the PSE condition in pork. Although our studies show that the meat becomes lighter with increasing levels of stress, it is not clear whether the condition is similar to PSE in pork, because there were no accompanying changes such as excessive cooking loss or altered texture. Although it is possible that increased preslaughter stress could alter the chemical nature of myoglobin or its stability, it is clear that stress does not interfere with total heme pigment concentration of chicken meat. Corticosterone itself brings about some breakdown of both protein and nucleic acid in muscles (Baxter and Rousseau, 1979) . However, it is not clear which protein components of muscle are affected and whether this can influence the muscle color. The color changes noticed in samples from stressed birds could be related to post-mortem pH changes. Continuous monitoring of muscle pH from the time of death (0 h post-mortem onwards), could not be done in our study because of practical limitations.
In conclusion, increasing levels of circulating CORT are associated with lighter colored muscles in broilers. In the CORT group, there was a delay in the onset of rigor mortis in both P. superficialis and B. femoris samples as indicated by lower R-values at 20 min post-mortem. There is no clear evidence that preslaughter stress causes PSE meat, although a definite color change is noticed in the meat.
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